Embedment of suitable sized quantum dots into silicon matrix may be exploited to convert silicon to a direct bandgap semiconductor. The outstanding problem is the identification of local excitons, a signature of direct bandgap property and their comportment within the dots that can be utilized in engineering optoelectronic devices, quantum communications, etc. Here, we show that element specificity and surface sensitivity of the core-level photoemission spectroscopy (CoLePES) can be exploited to probe local excitons directly. We engineered self-protected inverted SiGe quantum huts (IQHs) embedded epitaxially in Si(001) matrix and discover NEW features in Ge 3d core level spectra at lower binding energy side of the main peak instead of usual observation of satellites at the higher binding energy side. Energy of these features depends on core hole screening by the excitons located at different parts of IQHs. To our knowledge, this is the first observation of core level features due to excitons. This discovery reveals two phenomena: IQHs contain local excitons necessary for type I photoluminescence and CoLePES is a direct probe of local excitons. We believe that these discoveries will help amalgamation of microelectronics and solid state photonics important for optoelectronic applications.
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Silicon, an indirect bandgap semiconductor, is a poor optical material requiring phonon assistance for electronic transitions [1] . Nanostructure embedment in Si [2] is being exploited to engineer high-speed low-power optical output devices [3] , lasers [4] , electro-optic modulators [5] , etc., where the photoluminescence yield is comparable to the direct bandgap quantum dots [6] . Recent experiments show carrier multiplication efficiency of 190% in germanium nanocrystal of 5-6 nm size [7] and quantum-confined exciton induced strong Stark effect in thin germanium quantum-well on silicon [8] . However, the strain at the Si/Ge interface generally gives rise to type-II band alignment [9] exhibiting power law dependence (exponent = 0.7 -1.5) of photoluminescence energy making it an inefficient optical material.
A density functional theoretical study shows signature of direct band gap in Ge quantum structure grown on Si(001) and Si(111) crystals, while the indirect bandgap survives for Si(110) substrate [10] . Moreover, incorporation of Ge into Si matrix enhances hole mobility [11] and photoluminescence emission near 1.5 µm region [12] . Thus, SiGe quantum structures embedded in Si seems a promising candidate for optoelectronic applications.
In order to address the outstanding issue of the behaviour of excitons [13] , we employed core level photoemission spectroscopy (CoLePES), where incident photons excite core electrons at a fast time scale (∼ attosecond range) revealing the element specific local electronic structure. Small escape depth of the photoelectrons makes the technique surface sensitive [14] . We have exploited these features to build a platform for studying the behaviour of excitons located at different parts of the Si/Ge quantum structures. The sample, Ge quantum structures [13.3nm (base) × 6.6nm (depth)] were grown on a Si buffer layer deposited on Si(001) surface using molecular beam epitaxy [15, 16] . A wetting layer of 1.1nm thick Ge was grown on top as shown in the high resolution cross-sectional transmission electron microscopy (XTEM) image in Fig. 1(a) and Fig. 1(b) . The quantum structures possess inverted hut shape (called inverted quantum huts, IQHs) and are self-protected without capping layer unlike conventional systems [17] . The sample surface was prepared in the ultra-high vacuum via controlled sputtering with low energy Ar ions and annealed subsequently at 400 o C. The exposed surfaces studied are denoted by s10, s17, s42, s72 and s100
corresponding to the wetting later (depth = 0), base region (depth 1.1 nm), mid region (depth 2.7 nm), mid region (depth 4.7 nm) and tip of IQHs (depth 6.6 nm), respectively as shown in Fig. 1(b) .
Si 2p and Ge 3d core level spectra exhibit significantly different peak positions in the charge transfer between them due to variation of the relative concentration of Si/Ge [15, 21] .
In addition, we discover new features at the lower binding energy side (21-28 eV) of Ge 3d bulk peaks. The intensity of the features strongly depends on the location in the IQH structure and cannot be associated to impurities for the following reason. Bonding with carbon and/or oxygen (electronegative) leads to enhancement in binding energy as observed earlier; the Ge 3d peaks in GeO x appear at higher binding energies [22] . Our detailed characterization of the samples including elemental analysis does not show signature of impurity in the system. Photoemission spectroscopy being a highly surface sensitive technique, captures weak intensities due to adsorption of impurities on aging [23] . While weak intensity at 31.5 eV in Ge 3d spectrum of s10 show signature of some surface oxygen, no such peak is present in other spectra having intense new features.
We simulated the experimental spectra to find the constituent features using least square error method following the selection and conservation rules associated to photoemission process. Si 2p spectra could be simulated using two peaks representing spin-orbit split 2p 3/2 and 2p 1/2 signals with a spin-orbit splitting of 0.63±0.02 eV [24] ; a typical result is shown in Fig. 2(a) . Fitting results of selected Ge 3d core level spectra are shown in Fig. 2 
(b)-(d).
Intense broad peak at 29 eV consists of Ge 3d 5/2 and 3d 3/2 signals (spin-orbit splitting of 0.58±0.02 eV) from bulk Ge [25] . spectra due to additional stabilization [26] [27] [28] . In the present case, core hole screening comes from the excitons [15, 16] , which are bound electron-hole pair and hence, the final states are expected to be better stabilized. The scenario is demonstrated in Fig. 3 , where Ge 3d core hole (black dot) forms at (0.25,0.25,0.25) and excitons (X 0 : electron-hole bound pair) are shown by red glow. In Figs. 3(a) , the exciton is not located at the photoemission site and hence the signal corresponds to the bulk feature. The exciton in 3(b) screens the core hole.
It has been observed that excitons in Ge QDs have lower binding energy than the excitons in similarly shaped & sized Si QDs [29] due to the lower bandgap. Therefore, the excitons associated with more numbers of Si atoms will be more strongly bound and the core hole screened state will be better stabilized. Thus, the corresponding photoemission feature will appear at the lowest binding energy, which is feature D. It is clear that the binding energies of various photoemission final states would be related to the number of Ge/Si atoms bonded to the Ge at the photoemission site as shown in Figs. 3(c-f) . The mid region of IQH can be represented by the arrangements of Fig. 3(c) and Fig. 3(d) , providing the features 'C'
and 'B', respectively. Ge wet layer has atomic arrangement of the type shown in Fig. 3(e) having more Ge neighbours and can be associated with the feature 'A' in Ge 3d spectra.
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The scenario of Fig. 3(f) is similar to bulk Ge and is less probable to find in our sample as supported by the observed compositional analysis of those IQHs [15] . These descriptions beautifully match with the experimental observations.
The discovery of the distinct features due to core hole screening by excitons takes the core level spectroscopy a leap forward, and the element specificity and surface sensitivity of CoLePES makes it a powerful direct probe for local excitons. The finding of local excitons in the inverted quantum huts embedded in Si-matrix are consistent with the type I photoluminescence [16] and establish their candidature to engineer devices for optoelectronic applications and quantum communications.
METHODS
We have grown Ge quantum structures on a Si buffer layer prepared on Si(001) surface using molecular beam epitaxy, where the Ge atoms diffuse into the Si buffer layer. Quantum dots are usually prepared employing Stranski-Krastanov (S-K) mode-based epitaxial growth of self-assembled nanostructures, where the three dimensional islands are formed at the surface/interface followed by two dimensional wetting layer (WL) growth for II-V, III-IV and IV-IV semiconductor materials. Instead, here, Ge atoms diffuse into the underneath Si buffer layer grown on the substrate at temperatures of about 430
• C and form special type of self-protected IQHs [15, 16] ; IQHs of much bigger size (75nm base and 21nm height) are reported to form at lower growth temperatures [30] . The high resolution XTEM (cross sectional tunneling electron microscopy) image shown in Fig. 1(b) exhibits a dimension of 13.3 nm (base) × 6.6 nm (depth) with sharp boundary; the confined volume significantly smaller than the previously reported SiGe IQHs [15, 16, 30] . The irony of this system is the self-protection of the quantum structures; no capping layer is needed to protect the quantum structures from external environment unlike the conventional quantum dot systems [17] .
The sample preparation procedure is as follows. Si (001) wafer was cleaned by removing the unwanted oxide layer, inorganic and organic contaminations following RCA cleaning method, which was followed by HF etching of top oxide layer on wafer. Immediately after the cleaning, the wafer was mounted in the load-lock chamber of molecular beam epitaxy (MBE) machine and shifted to preparation chamber where the base vacuum was maintained close to 1×10 −11 Torr. In the preparation chamber, the wafer was kept at 900
• C for 20 hours to remove further oxide layer grown on it during sample transfer through load-lock system. Later it had been transferred to ultra-high vacuum (UHV) growth chamber (base pressure around 10 −11 Torr) and heated up to 1100
• C with a continuous flow of liquid N 2 to maintain the pressure, which opened up the dangling bonds of the top surface silicon atoms and provided the platform for epitaxial growth of Si and Ge layers on the surface.
Subsequently, we have grown 100nm thick Si buffer layer at 750 • C. This was followed by successive growth of 1.7nm Ge, 8nm Si and again 1.7nm Ge with deposition rate of 0.3Å/sec at 430
• C. A wetting layer of 1.1nm thick Ge was deposited on top of the system. The high resolution XTEM image of the quantum structures prepared are shown in Fig. 1(a) and Photoemission measurements were carried out using a Gammadata Scienta R4000 WAL analyzer and monochromatic Al Kα source at an energy resolution of 350 meV. All the measurements were carried out at temperature 20K achieved by using an open cycle helium cryostat from Advance Research Systems. We exposed different parts of the IQH structures using controlled sputtering and identified the exposed surface by XTEM, EDX (energy dispersive analysis of x-rays) and SIMS (secondary ion mass spectrometry). In Fig. 1(b) , we show various surface terminations studied. For example, 's10(WL)' refers to 10 minutes sputtered surface revealing the wetting layer (WL). At s17, the base region of the IQHs is exposed (depth 1.1 nm). s42 and s72 are the mid regions of the IQHs having depth of 2.7 nm and 4.7 nm, respectively; these two regions expose the SiGe alloy within IQHs and the side interfaces between Si and IQHs. At s100, the tip of IQHs (depth of 6.6 nm) becomes 
